The structure of the lipopolysaccharide (LPS) of Pseudomonas aeruginosa immunotype 1 was studied after mild acid and strong alkaline degradations by MS and NMR spectroscopy. Three types of LPS molecules were found, including those with an unsubstituted glycoform 1 core (A) or an isomeric glycoform 2 core substituted with one O-polysaccharide repeating unit (B) or with a long-chain O-polysaccharide. Therefore, of two core glycoforms, only glycoform 2 accepts the O-polysaccharide.
In the structures A and B, Kdo, Hep, Hep7Cm, GalNAcAN3Ac, GalNFoAN, QuiNAc, GalNAla represent 3-deoxy-D-manno-octulosonic acid, L-glycero-D-mannoheptose, 7-O-carbamoyl-L-glycero-D-manno-heptose, 2-acetamido-3-O-acetyl-2-deoxygalacturonamide, 2-formamido-2-deoxygalacturonamide, 2-acetamido-2,6-dideoxyglucose and 2-(L-alanylamino)-2-deoxygalactose, respectively; all sugars are in the pyranose form and have the D configuration unless otherwise stated. One or more phosphorylation sites may be occupied by diphosphate groups. In a minority of the LPS molecules, an O-acetyl group is present in the outer core region at unknown position.
The site and the configuration of the linkage between the O-polysaccharide and the core and the structure of the Opolysaccharide repeating unit were defined in P. aeruginosa immunotype 1. The QuiNAc residue linked to the Rha residue of the core was found to have the b configuration, whereas in the interior repeating units of the O-polysaccharide this residue is in the a-configuration. The data obtained are in accordance with the initiation of biosynthesis of the O-polysaccharide of P. aeruginosa O6, which is closely related to immunotype 1, by transfer of D-QuiNAc-1-P to undecaprenyl phosphate followed by synthesis of the repeating O-antigen tetrasaccharide.
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Pseudomonas aeruginosa is an opportunistic human pathogen, which causes severe infections in hosts with weakened defense mechanisms often as a result of thermal burns, surgical operations, or another predisposing disease, such as cystic fibrosis and cancer [1, 2] . Lipopolysaccharide (LPS) is the major surface antigen of P. aeruginosa, which plays an important role in interaction of the bacterium with its host. It is composed of lipid A, a core oligosaccharide, and an O-chain polysaccharide built up of oligosaccharide repeating units. Lipid A and core are structurally conserved parts of LPS, whereas the O-polysaccharide is highly variable in composition and structure. The O-specific heteropolysaccharides are synthesized by assembling individual monosaccharides into an oligosaccharide (the so called ÔbiologicalÕ repeating unit) on an undecaprenyl phosphate (Und-P) carrier followed by polymerization. In several P. aeruginosa strains, the O-polysaccharide is structurally heterogeneous, most likely, as a result of postpolymerization nonstoichiometric modifications, such as O-acetylation, amidation or epimerization at C5 of uronic acids [3] . The structures of the O-polysaccharides of all serologically distinguishable smooth (S)-type strains have been determined [3] , but the biological repeating unit was defined only in P. aeruginosa serogroup O5 [4] . Structures of the core [5] [6] [7] and lipid A [8, 9] of P. aeruginosa LPS have also been investigated. The inner core region is composed of two residues of 3-deoxy-Dmanno-oct-2-ulosonic acid (Kdo) and two residues of L-glycero-D-manno-heptose (Hep), one of which is specifically 7-O-carbamoylated. The inner core region is characterized by a high degree of phosphorylation but data on the location of the phosphate groups are contradictory [5] [6] [7] . The outer core region contains up to four D-glucose residues, one L-rhamnose residue, and one residue of N-(L-alanyl)-or N-acetyl-D-galactosamine; it may include also O-acetyl groups. Recently, it has been reported that strain P. aeruginosa PAO1 and a cystic fibrosis isolate P. aeruginosa 2192 produce two different glycoforms of the LPS outer core [4, 5] .
Strains belonging to P. aeruginosa immunotype 1 (serogroup O6) are frequently isolated from a variety of sources [3] . Previously, the following structure of the O-polysaccharide of immunotype 1 has been established [3, [10] [11] [12] :
where GalNAcAN and GalNFoAN stand for 2-acetamidoand 2-formamido-2-deoxygalacturonamide, respectively; QuiNAc stands for 2-acetamido-2,6-dideoxyglucose.
In this paper, we present new structural data on the LPS of P. aeruginosa immunotype 1, including elucidation of the core phosphorylation pattern, the O-polysaccharide biological repeating unit, and the site and the mode of the attachment of the O-polysaccharide to the core.
M A T E R I A L S A N D M E T H O D S
Bacterium and cultivation P. aeruginosa immunotype 1, strain 170041, was from the Hungarian National Collection of Medical Bacteria (National Institute of Hygiene, Budapest, Hungary). It belongs to serogroup O6 of the international antigenic typing system (IATS) and is characterized by an O-antigen factor O6a according to the classification scheme of Lanyi & Bergan [3] . Cells were grown in Roux flasks with solid agar medium based on Hottinger broth at 37°C for 18 h, then washed in physiological saline, separated by centrifugation, washed with acetone and dried.
Isolation of the lipopolysaccharide
LPS was isolated from dry bacterial cells by extraction with aqueous 45% phenol (2 · 30 min) at 67°C [13] . Cells were removed by centrifugation (4000 g, 60 min). The supernatant was dialyzed against distilled water, nucleic acids were precipitated using Cetavlon [13] and removed by centrifugation (5000 g, 90 min). The supernatant was dialyzed against distilled water and lyophilized.
Mild acid degradation of the lipopolysaccharide LPS (200 mg) was dissolved in 0.1 M sodium acetate buffer pH 4.2 and heated for 13 h at 100°C. The precipitate was removed by centrifugation (12 000 g, 10 min), the supernatant fractionated by gel-permeation chromatography on a column (80 · 2.5 cm) of Sephadex G-50 (PharmaciaUpjohn, Uppsala, Sweden) in pyridinium acetate buffer pH 4.5 (4 mL pyridine and 10 mL HOAc in 1 L water) at 30 mLAEh
, monitoring with a Knauer differential refractometer, and 5-mL fraction volume. Fractions 24-34 were pooled to give a polysaccharide and fractions 41-54 an oligosaccharide mixture (19.8 and 9.1% of the LPS mass, respectively), the latter containing the core and the core with one O-antigen repeating unit attached.
Alkaline degradation of the lipopolysaccharide LPS (200 mg) was treated with anhydrous hydrazine (4 mL) for 1 h at 37°C, then 16 h at 20°C, hydrazine was flushed out in a stream of air at 30-33°C, the residue washed with cold acetone and dried in vacuum. The O-deacylated LPS was dissolved in 4 M NaOH (8 mL), the solution was flushed with nitrogen for 1 h with stirring, heated at 100°C for 16 h, cooled, acidified with concentrated HCl to pH 5.5, extracted twice with dichloromethane, and the aqueous solution desalted by gel chromatography on Sephadex G-50. The yield of the oligosaccharide fraction was 16.1% of the LPS mass.
Composition analysis
Core oligosaccharide was hydrolyzed with 2 M CF 3 CO 2 H (120°C, 2 h), monosaccharides were converted into the alditol acetates and analyzed by GLC on a Hewlett-Packard HP 5890 Series II chromatograph equipped with a 30-m fused-silica SPB-5 column (Supelco), using a temperature gradient of 160°C (3 min) to 290°C at 10°CAEmin .
NMR spectroscopy
The NMR spectra were obtained on a Bruker DRX-500 spectrometer at 30°C in 99. 
R E S U L T S
The LPS was delipidated by mild acid hydrolysis at pH 4.2, and the products were fractionated by gel-permeation chromatography to give a high-molecular-mass O-polysaccharide and an oligosaccharide mixture, both eluting as wide peaks. Sugar analysis of the oligosaccharide product revealed Glc, Rha, and L-glycero-D-manno-heptose (Hep) in the ratios 4 : 2 : 1, respectively, as well as a trace amount of GalN. These monosaccharides are typical components of P. aeruginosa LPS core [5] [6] [7] ; Rha is also present in the Opolysaccharide repeating unit [11, 12] . Most likely, a lower content of Hep than expected is due to its phosphorylation and poor release of GlaN is accounted for by its N-acylation with L-alanine [5] [6] [7] . The oligosaccharide was then studied by capillary skimmer dissociation ESI FT-ICR MS (Fig. 1 ). The mass spectrum showed an intense group of [M-H] -pseudomolecular ions for core oligosaccharides 6dHexHex 3 -(HexNAla)Hep(HepCm)aKdoP 0)2 Ac 0)1 with a Kdo residue in an anhydro form [14] and a variable number of phosphate (P 0-2 ) and O-acetyl (Ac 0)1 ) groups (Fig. 1A) . The major ion peak at m/z 1590.41 corresponded to the monophosphorylated non-O-acetylated derivative (the calculated molecular mass 1591.48 Da). A similar series was observed in the ESI mass spectrum of the core oligosaccharide from the rough (R)-type LPS of P. aeruginosa 2192 [5] . In addition, a less intense series of [M-H] -pseudomolecular ions was present for the core with one O-polysaccharide repeating unit attached (Fig. 1B) . Again, heterogeneity of the oligosaccharides was associated with nonstoichiometric phosphorylation (P 0-2 ) and O-acetylation (Ac 0)2 ) as well as with incomplete amidation of GalNAcA or/and GalNAcFo residues resulting in a mass difference of 1 or 2 Da. The major ion peak at m/z 2383.62 corresponded to the monophosphorylated bisamidated derivative containing one O-acetyl group (mostly from the O-polysaccharide repeating unit) having the calculated molecular mass 2384.75 Da. Finally, in the mass spectrum there was a region of fragment ions from the reducing end (Y and Z) induced by cleavage of the linkage between two heptose residues (Fig. 1C) . They contained one or two phosphate groups and no O-acetyl groups. Peaks for triple-charged [M-3H] 3-pseudomolecular ions of the core oligosaccharides were in the same spectral region. The position of the major GalNAcAN signals indicated that, like in the O-polysaccharide, this residue is 3-Oacetylated as followed from a downfield displacement of the H3 signal to d 4.89, e.g. by 1 p.p.m., due to a deshielding effect of the 3-O-acetyl group. An attempt to determine the location of the second, minor O-acetyl group and phosphate groups in the core by NMR spectroscopy failed owing to a high degree of structural heterogeneity.
The LPS was O-deacylated by mild hydrazinolysis and N-deacylated by strong alkaline hydrolysis [15] . The alkaline degradation was accompanied by depolymerization of the O-polysaccharide by b-elimination in 4-substituted GalNA residues, which were converted into the corresponding hex-4-enuronic acid (DHexNA) (Fig. 2) . The negative ion mode ESI FT-ICR mass spectrum of the product (Fig. 3) showed the presence of the core-lipid A backbone oligosaccharide 6dHexHex 3 (HexN) 3 Hep 2 Kdo 2 P 5 and that with a DHexNAQuiN disaccharide remainder of the repeating unit of the Opolysaccharide attached (the determined and calculated molecular masses 2357.54 and 2357.51 Da for the former and 2659.64 and 2659.61 Da for the latter compound, respectively). In addition to the major pentakisphosphorylated compounds (P 5 ), there were minor compounds containing six (P 6 ) and four (P 4 ) phosphate groups.
The 1 H-NMR spectrum of the alkaline degradation product (Fig. 4 C-NMR spectra of the alkaline degradation product were assigned using 2D shift-correlated NMR experiments (COSY, TOCSY, ROESY, and H-detected 1 H, 13 C HMQC) (Tables 1 and 2 ). The monosaccharide spin systems were assigned based on the coupling constant values and those for amino sugars by correlation of the protons at the nitrogen-bearing carbons to the corresponding carbons. The configurations of the glycosidic linkages of the gluco and galacto sugar residues (Glc, GlcN, GalN, QuiN, and DHexNA) followed from the J [7, 16] ). Two series of NMR signals were present for most sugars in the outer core region, which consists of three glucose residues (Glc I -Clc III ) and one residue each of rhamnose and GalN (Fig. 4, Table 1 ). In contrast, Hep, Kdo and GlcN residues in the inner core-lipid A backbone region gave only one series of signals each. These findings indicated the occurrence of the outer core as two glycoforms (compare published data [4, 5] ).
Linkage and sequence analyses were performed using 2D ROESY and HMBC experiments. The glycosylation pattern in the core-lipid A backbone region was found to be the same as in the LPS of P. aeruginosa O5 [4, 7] and 2192 [5] with two glycoforms 1 and 2 ( Fig. 5A and B) . As judged by the signal intensities of the methyl groups of Rha and QuiN, in P. aeruginosa immunotype 1 glycoforms 1 and 2 are present in almost equal amounts.
The remainder of the degraded first repeating unit of the O-polysaccharide was shown to be a b-DHexNA-(1 fi 3)-b-D-QuiN disaccharide attached to position 3 of the terminal Rha residue in glycoform 2 (Fig. 5B) [11, 12] . The terminal Rha residue in glycoform 1 is not substituted (Fig. 5A) as confirmed by the C2-C6 chemical shifts (Table 2 ) being close to those in free a-rhamnopyranose [17] . The positions of the phosphate groups were determined using a 1 H, 31 P HMQC experiment (Fig. 6) Therefore, the alkaline degradation products have structures shown in Fig. 5 . Taking all of the data together, the structures of the core and core with one O-polysaccharide repeating unit in the LPS of P. aeruginosa immunotype 1 were established (Fig. 7) .
D I S C U S S I O N
Previously, the structure of the O-polysaccharide of P. aeruginosa immunotype 1 LPS was elucidated [3, [10] [11] [12] . However, it cannot be ascertained from this structure what are the first and last monosaccharides in the repeating unit, nor which monosaccharide would be linked to the LPS core. The actual biological repeating unit represents the properly ordered oligosaccharide, which, after having been preassembled on an Und-P carrier, is polymerized into the O-polysaccharide. In this work, the structure of the biological repeating unit was established by studies of the LPS degradation products prepared using two different approaches. One was mild acid degradation, which, together with a long-chain polysaccharide, resulted in an oligosaccharide mixture containing a core oligosaccharide and that with one O-polysaccharide repeating unit attached. The other was strong alkaline degradation, which caused b-elimination in GalNA residues present in the Opolysaccharide to give a core oligosaccharide with a truncated single O-polysaccharide repeating unit from the LPS species with both long-chain O-polysaccharide and one repeating unit.
Analysis of the products with one O-polysaccharide repeating unit or its remainder by ESI MS and NMR spectroscopy enabled determination of not only the biological repeating unit but also of the mode and the site of the linkage between the O-polysaccharide and the core. It was found that the QuiNAc residue, which occupies the reducing end of the biological repeating unit, has the b configuration when linking the O-polysaccharide to the core but the a configuration when connecting the repeating units to each other in the O-polysaccharide. This finding is in accordance with the biosynthesis pathway of O-polysaccharides, which involves multiple enzymes that mediate the formation of the QuiNAc glycosidic linkage. One of them, glycosyltransferase WbpL, transfers D-QuiNAc-1-P from UDP-D-QuiNAc to Und-P to initiate the O-polysaccharide repeating unit biosynthesis in P. aeruginosa O6 [18] , which is closely related to P. aeruginosa immunotype 1. Another enzyme, O-antigen polymerase Wzy, mediates polymerization of the preassembled oligosaccharide attached to Und-PP to form a long-chain O-polysaccharide. Finally, ligase WaaL ligates the preassembled oligosaccharide or the longchain O-polysaccharide to the core-lipid A moeity. Differences between O-polysaccharide structures of P. aeruginosa immunotype 1 and related serotypes of P. aeruginosa O6 are associated with the configuration of the QuiNAc linkage (a or b) and the site of attachment of QuiNAc to Rha (at position 2 or 3) as well as with O-acetylation and amidation of the GalNA derivatives (Table 3) . Because O-acetylation and amidation, which are nonstoichiometric, are likely to be postpolymerization modifications, it is possible that the oligosaccharide assembled on Und-PP is the same in all the serogroup O6 strains and its biosynthesis involves the same WbpL protein and other glycosyltransferases (WbpT, WbpU, and WbpR for D-GalNAcA, D-GalNFoA, and Rha, respectively [18] ). In contrast, the O-antigen polymerase Wzy, or other putative protein(s) that influence the activity of Wzy [18] , must be divisible into at least three types in order to adopt the a1 fi 2-, a1 fi 3-, and b1 fi 3-linkages between QuiNAc and Rha within the O-polysaccharide.
Previously, the structure of the biological repeating unit of the O-polysaccharide was elucidated in P. aeruginosa O5 [4] . This O-polysaccharide includes D-FucNAc, which is located at the reducing end of the biological repeating unit and thus plays the same role in serogroup O5 as D-QuiNAc in serogroup O6. Interestingly, WbpL that transfers D-FucNAc-1-P from UDP-D-FucNAc to Und-P in P. aeruginosa O5 showed homology to WbpL in P. aeruginosa O6 and both enzymes possess substrate specificity for UDP-D-FucNAc and UDP-D-QuiNAc [18] . In strains of most other P. aeruginosa serogroups the O-polysaccharide includes D-QuiNAc or/and D-FucNAc [3] ; therefore, the initiation of the O-polysaccharide biosynthesis may proceed in a similar manner in these strains too. The occurrence of two core glycoforms seems to be a common feature of all P. aeruginosa LPS [4, 5] . As in the LPS of P. aeruginosa O5 [4] , in the LPS of immunotype 1 (serogroup O6) the terminal 1 fi 3-linked Rha residue of the core oligosaccharide is the site of the attachment of the O-polysaccharide. This residue only occurs in the core glycoform 2, whereas the terminal 1 fi 6-linked Rha residue in the other, isomeric glycoform 1 cannot accept the O-polysaccharide. No unsubstituted core glycoform 2 was detected, nor a core glycoform with two Rha residues. It could be thus suggested that the attachment of the 1 fi 6-linked Rha blocks the attachment of the 1 fi 3-linked Rha, which is the acceptor of the O-polysaccharide. A competition of the corresponding rhamnosyl transferases may provide a mechanism for regulation of the content of long-chain (S-type) and short-chain (R-type) LPS species on the cell surface by an enhanced synthesis of the appropriate glycoform. Like the O-polysaccharide chain length, the content of the LPS species containing the core with one O-polysaccharide repeating unit attached (SR-type LPS) is controlled by the O-antigen chain length regulator Wzz [18] , which influences the functioning of O-antigen polymerase and ligase by a mechanism that is not clearly understood.
As in P. aeruginosa strains studied previously [5] [6] [7] 19, 20] , the core of the LPS of P. aeruginosa immunotype 1 is distinguished by a high degree of phosphorylation. Three major phosphorylation sites were determined in the core, two of which are at positions 2 and 4 of Hep I and one at position 6 of Hep II . This finding is in agreement with the phosphorylation pattern in P. aeruginosa strains H4 [6] and 2192 [5] but inconsistent with the data reported previously for P. aeruginosa O5 and O6 strains [7] . According to the latter data, all three phosphorylation sites are located at Hep I at positions 2, 4, and 6, whereas Hep II is nonphosphorylated. Such a pattern seems to be unlikely because the release of 7-O-carbamoylated Hep II is significantly increased by dephosphorylation [21] ; these discrepancies are unlikely to be due to a strain difference because P. aeruginosa O6 and immunotype 1 are closely related.
Another feature of the LPS core of P. aeruginosa immunotype 1 is O-acetylation. In P. aeruginosa, O-acetylation has been recently reported in the core of a rough, serogroup O1-derived cystic fibrosis isolate, strain 2192, Fig. 7 . Structures of the major glycoform 1 core (A) and glycoform 2 core substitued with one O-polysaccharide repeating unit (B). All sugars are in the pyranose form and have the D configuration unless otherwise stated. It is not excluded that one or more phosphorylation sites are occupied by diphosphate groups. In the minor products, the outer core region includes one O-acetyl group at unknown position. O-Acetylatation of GalNAcA and amidation of both GalNA derivatives in the O-polysaccharide repeating unit are incomplete. which produces an R-type LPS [5] . The outer core of this strain has at least four O-acetylation sites, and the major LPS species is mono-O-acetylated. A similar O-acetylation pattern with up to five O-acetylation sites has been found in the core of P. aeruginosa immunotype 5, O3a,3b,3c, and O12 (O. V. Bystrova, A. S. Shashkov, N. A. Kocharova, Y. A. Knirel, B. Lindner, U. Za¨hringer & G. B. Pier, unpublished data). In immunotype 1, the outer core has at least one O-acetylation site and the O-acetyl group is present in the core of a minority of the LPS molecules. The position of the O-acetyl groups in the core of P. aeruginosa LPS, as well as their biological significance, remains to be determined.
